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The single spin asymmetry A_N 
in l p↑→ h X processes

work in preparation with:



SSA and TMDs: from physical intuition to formalism
two scale (Q2, k⊥) processes - factorization                 

(SIDIS, D-Y, dijets, ...)
one scale (PT) processes: factorization ?    

universality of TMDs ?
phenomenological test: lp↑ → hX

no conclusion ....

trying to answer some questions:



AN ∝ S · (p× P T ) ∝ PT sin(Φπ − ΦS) γ∗ − p c.m. frame

AN =
dσ↑ − dσ↓

dσ↑ + dσ↓

Transverse single spin 
asymmetries experimentally 

observed in SIDIS 
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large Q2: the virtual photon explores the nucleon structure 
in collinear configurations there cannot be (at LO) any PT 
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simple physical picture for Sivers effect 

the large Q2 virtual 
photon “sees” the       
spin-k⊥ correlation  

k⊥

PT ∼ k⊥
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FIG. 3: Three dimensional kinematics of the SIDIS process.

and
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(
P T − P T · k⊥ + P 3

hk′3

|k′|2
k⊥ , P 3

h − P T · k⊥ + P 3
hk′3

|k′|2
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)
(28)

= P T − zh k⊥ + O
(

k2
⊥

Q2

)
(29)

where k′0, k′3 and |k′| are given in Eqs. (25) and P 3
h = (zh W )/2 − P 2

T /(2zh W ).
Eqs. (26) and (28) allow us to describe the fragmentation process in terms of the variables (zh, P T ):

dz d2p⊥ = dzh d2P T
z

zh
, (30)

so that, finally, the SIDIS cross section (20) can be written in terms of physical observables as:
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This is an exact expression at all orders in (k⊥/Q); x is given in Eq. (6) and the full expressions of z and pT in
terms of xB, Q2, k⊥, zh and P T can be derived from Eqs. (25), (26) and (28). Notice that, in the physical variables
xB and zh, the x − z factorization of Eq. (20) is lost, even in our simple parton model treatment; it can be recovered
at O(k⊥/Q) (see Eq. (32) below).

Let us now consider again the issue discussed at the end of Section II A, concerning the azimuthal dependence of the
cross section, by comparing Eqs. (19) and (31). The former equation describes the cross section for jet production and
depends, as we explained, on the azimuthal angle ϕ, that is on the azimuthal angle of the intrinsic k⊥ of the quark in
the proton. Such a dependence is integrated over in Eq. (31), which describes the cross section for the production of a
hadron, resulting from the non collinear fragmentation of the quark. Therefore, there cannot be any ϕ dependence in
this cross section. However, due to relations (26) and (28), the integration over k⊥ at fixed P T = PT (cosφh, sinφh, 0)
introduces a dependence on the azimuthal angle φh of the produced hadron h, that is the angle between the leptonic
and the hadronic plane, Fig. 3. This azimuthal dependence remains in the SIDIS cross section and will be studied in
the next Section (see also Appendix A).

factorization holds at large Q2, and PT ≈ k⊥ ≈ ΛQCD

d6σ ≡ d6σ!p↑→!hX

dxB dQ2 dzh d2P T dφS

(Collins, Soper, Ji, J.P. Ma, Yuan, Qiu, Vogelsang, Collins, Metz)

dσ!p→!hX =
∑

q

fq(x,k⊥;Q2)⊗ dσ̂!q→!q(y, k⊥;Q2)⊗Dh
q (z,p⊥;Q2)

PT ! Q2Two scales:

SIDIS in parton model 
with intrinsic motion  
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many spin 
asymmetries

dσ(S) != dσ(−S)

SIDISLAND
dσ

dφ
= FUU + cos(2φ) F cos(2φ)

UU
+

1
Q

cos φ F cos φ
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+ λ
1
Q

sinφ F sin φ
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+
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F (...)
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contains the TMDs



2 Will be inserted by the editor

where we have j(x) =
∫

d2pT j(x,p2
T ) for j = fa

1 , ea, gT , hL while ga
1(x) =

∫

d2pT ga
1L(x,p2

T )
and ha

1(x) =
∫

d2pT {ha
1T (x,p2

T ) + p2
T /(2M2

N)h⊥a
1T (x,p2

T )}.
The fragmentation of unpolarized hadrons is described in terms of two fragmentation func-

tions, Da
1 and H⊥a

1 , at leading-twist. In SIDIS (with polarized beams and/or targets, where
necessary) it is possible to access information on the leading twist TMDs by measuring the
angular distributions of produced hadrons. Some data on such processes are available [27–45].

The fragmentation functions and TMDs in SIDIS and other processes were subject to nu-
merous studies in the literature [46–73]. This is true especially for the prominent transversity
distribution ha

1 or the ’naively time-reversal-odd’ functions like the Sivers function f⊥a
1T , the

Boer-Mulders function h⊥a
1 and the Collins fragmentation function H⊥a

1 . Among the so far less
considered functions are h⊥a

1L and the ’pretzelosity’ distribution h⊥a
1T .

The purpose of this lecture (based on the works [67,68]) is fourfold. First, we discuss whether
some of the unknown TMDs could be approximated in terms of (possibly better) known ones.
Second, we review what is known about h⊥a

1T . Third, we mention the models these TMDs were
calculated. Fourth, we present estimates for SSAs in which these functions enter, and discuss
the prospects to measure these SSAs in experiments at Jefferson Lab and COMPASS.
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Fig. 1. Kinematics of SIDIS, lN → l′hX, and the
definitions of azimuthal angles in the lab frame.

The process of SIDIS is sketched in Fig. 1.
We denote the momenta of the target, in-
coming and outgoing lepton by P , l and l′

and introduce s = (P + l)2, q = l − l′ with

Q2 = −q2. Then y = Pq
Pl , x = Q2

2Pq , z = PPh

Pq ,

and cos θγ = 1− 2M2

N
x(1−y)
sy where θγ denotes

the angle between target polarization vector
and momentum q of the virtual photon γ∗,
see Fig. 1, and MN is the nucleon mass. The
component of the momentum of the produced
hadron transverse with respect to γ∗ is de-
noted by Ph⊥ and Ph⊥ = |Ph⊥|.

The cross section differential in the azimuthal angle φ of the produced hadron has schemat-
ically the following general decomposition [7,74] (the dots indicate power suppressed terms):

dσ

dφ
= FUU + cos(2φ)F cos(2φ)

UU + SL sin(2φ)F sin(2φ)
UL +λ

[

SLFLL+ ST cos(φ − φS)F cos(φ−φS)
LT

]

+ST

[

sin(φ−φS)F sin(φ−φS)
UT + sin(φ+φS)F sin(φ+φS)

UT + sin(3φ−φS)F sin(3φ−φS)
UT

]

+ . . . (3)

In Fweight
XY the index X = U(L) denotes the unpolarized (longitudinally polarized, helicity λ)

beam. Y = U(L, T ) denotes the unpolarized target (longitudinally, transversely with respect to
the virtual photon polarized target). The superscript reminds on the kind of angular distribution
of the produced hadrons with no index indicating an isotropic φ-distribution.

Each structure function arises from a different TMD. The chirally even f ’s and g’s enter the
observables in connection with the unpolarized fragmentation function Da

1 , the chirally odd h’s
in connection with the chirally odd Collins fragmentation function H⊥a

1

FUU ∝
∑

a

e2
a fa

1 ⊗ Da
1 , F cos(φ−φS)

LT ∝
∑

a

e2
a g⊥a

1T ⊗ Da
1 , (4)
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∑

a

e2
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1 , F sin(φ−φS)
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∑

a

e2
a f⊥a

1T ⊗ Da
1 , (5)
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∑

a

e2
a h⊥a

1 ⊗ H⊥a
1 , F sin(φ+φS)

UT ∝
∑

a
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1 , (6)
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1 . (7)

Avakian, Efremov, Schweitzer, Metz, Teckentrup, arXiv:0902.0689

chiral-even 
TMDs

chiral-odd 
TMDs

Cahn kinematical 
effects  
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EMC data, µp and µd, E between 100 and 280 GeV
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cosΦh dependence induced by quark intrinsic motion 
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FIG. 12: The p2
T -dependence of the φ-independent term H2 + εH1 at x = 0.24 and z = 0.30. The

lines represent exponential fits to the data for Q2 = 1.74 (GeV/c)2 (full circles and solid line),

Q2 = 2 (GeV/c)2 (full squares and dashed line), and Q2 = 2.37 (GeV/c)2 (triangles and dotted

line). The errors bars are statistical only.

in Eq. 8. Fig. 13 shows a clear rise of 〈p2
T 〉 with z. We compared this with the distribution

given in Eq. 9 with a2 = 0.25 and b2 = 0.20 (GeV/c)2 based on previous data [24, 25, 26].

Significant deviations from this behavior were found at low-z, which can be explained as

a threshold kinematic effect. The maximum achievable transverse momentum pmax
T # zν

becomes smaller at low z, because ν is limited by the 5.75-GeV beam energy, and pmax
T is

smaller than the intrinsic transverse momentum of partons. This leads to a cut on the p2
T -

distribution, which is not present in high energy experiments. To account for this low-energy

effect we modified the parameterization as:

〈p̃2
T 〉 =

〈p2
T 〉

1 + 〈p2
T 〉/(p2

T )max
. (26)

The dotted curve in Fig. 13 shows that this new parameterization follows the data points,

but the absolute normalization given by the parameters a and b is still too high. This

modification breaks the factorization between x, Q2 and pT in the low-z region.

At large z, pmax
T is also large. Therefore, we can check the factorization of p2

T from x and

Q2. Fig. 14 shows no appreciable dependence of the mean transverse momentum 〈p2
T 〉 on x.

The transverse momentum distribution exhibits a small variation with Q2 over the covered
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T = 0.5

(GeV/c)2 (full triangles) together with the results of the azimuthal moment (solid lines) and fitting

(dashed line) methods.

detector non-uniformities.

Systematic uncertainties arising from electron identification were estimated by comparing

two different methods (as in Ref. [42]) of pion rejection, one based on Poisson shapes of

Cherenkov counter spectra and another on the geometrical and temporal matching between

the measured track and Cherenkov signal.

The systematic uncertainty arising from π+ identification has two contributions. One was

estimated from the difference between the ratios of events in the missing neutron peak before

and after pion identification as calculated for data and GSIM simulations. The second part

comes from our treatment of kaon contamination (see section IVC), which was assumed to

be 20%. The two errors were added in quadrature.

Radiative corrections are model-dependent. To estimate this systematic uncertainty we

changed the model used in the radiative correction code by 15% and took the resulting

difference as an estimate of the uncertainty.

There is an additional overall systematic uncertainty of 1% due to uncertainties in the

target length and density. The target length was 5±0.05 cm and the liquid-hydrogen density

was ρ = 0.0708 ± 0.0003 g/cm3 giving approximately a 1% uncertainty.
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CLAS data, arXiv:0809.1153 

d5σ

dx dQ2 dz dP 2
T dφ

= C [εH1 +H2 + A cos φ + B cos(2φ)]
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FIGURE 2. The cos"h moments for positive (upper panel) and negative (lower panel) hadrons, ex-
tracted from hydrogen (circles) and deuterium (squares) data, shown as projection versus the kinematic

variables x, y, z and Ph⊥.

geometrical acceptance and higher-order QED effects (radiative effects). Moreover,

typically the event sample is binned only in one variable (1-dimensional analysis), and

integrated over the full range of all the other ones, while the structure functions F used

in equation 2 and the instrumental contributions depend on all the kinematic variables x,

y, z and Ph⊥ simultaneously.
Therefore, in order to determine the cosine moments corrected for radiative and

detector smearing, an unfolding procedure [6] was used, in which the event sample is

binned simultaneously in all the relevant variables (multi-dimensional analysis1).
The unfolding algorithm is based on the relation between the unknown distribution of

Born yields B( j) and the distribution of measured yields X(i):

X(i) =
nb

$
j=1

S(i, j)B( j)+% (i). (4)

where nb is the total number of bins and % (i) is a vector that contains the events smeared
into the measured sample from outside the acceptance. The Smearing matrix S(i, j)
describes the probability that an event originating from the Born bin j, corresponding to

the original kinematics (free from experimental distortions), is actually observed in the

measured bin i. Both the background % (i) and the smearing matrix S(i, j) are determined
by a detailed Monte Carlo simulation of the experimental apparatus.

Assuming a non-singular S(i, j)matrix one obtains:

B( j) =
nb

$
i=1

S−1( j, i)
[

X(i)−% (i)
]

. (5)

The extraction of cosine moments from the Born yields B( j) can be performed by
linear regression that takes into account the correlations between bins introduced by

the smearing. In this way one pair of moments can be obtained in each kinematic bin

(〈cos"h〉, 〈cos2"h〉), which represents results that are fully differential in all variables.

1 For a more detailed discussion about 1- and multi-dimensional analysis see [5].

        dependence observed by HERMES cos φ
F. Giordano and R. Lamb, arXiv:0901.2438 [hep-ex] 
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comparison with:
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FIG. 1: Kinematics of the SIDIS process in the γ∗p center of mass frame.

where Nq, αq, βq and M1 (GeV/c) are free parameters to be determined by fitting the experimental data. Since
h(k⊥) ≤ 1 for any k⊥ and |Nq(x)| ≤ 1 for any x (notice that we allow the constant parameter Nq to vary only inside
the range [−1, 1]), the positivity bound for the Sivers function

|∆Nfq/p↑(x, k⊥)|
2fq/p(x, k⊥)

≤ 1 (9)

is automatically fulfilled. We adopt the usual (and convenient) gaussian factorization for the unpolarized distribution
and fragmentation functions:

fq/p(x, k⊥) = fq(x)
1

π〈k2
⊥〉

e−k2
⊥/〈k2

⊥〉 (10)

and

Dh
q (z, p⊥) = Dh

q (z)
1

π〈p2
⊥〉

e−p2
⊥/〈p2

⊥〉 , (11)

with the values of 〈k2
⊥〉 and 〈p2

⊥〉 fixed to the values found in Ref. [1] by analysing the Cahn effect in unpolarized
SIDIS:

〈k2
⊥〉 = 0.25 (GeV/c)2 〈p2

⊥〉 = 0.20 (GeV/c)2 . (12)

The parton distribution functions (PDF) fq(x) and the fragmentation functions (FF) Dh
q (z) also depend on Q2 via

the usual QCD evolution, which will be taken into account, at LO, in all our computations.
Before fitting the data on the Sivers asymmetries a few comments on the quark hadronization are necessary. While

most of the available sets of fragmentation functions describe rather well the pion multiplicities observed at HERMES,
many of them fail to reproduce the kaon multiplicities in SIDIS production. The main reason is the role of the strange
quarks, which is often not well established: for example, one expects that K+ mesons can be abundantly produced by
s̄ quarks, via creation from the vacuum of a light uū pair, rather than by u quarks, via creation from the vacuum of a
heavy ss̄ pair. Such a feature is particularly emphasized in the set recently obtained by de Florian, Sassot, Stratmann
(DSS) [13], which has DK+

s̄ (z) ' DK+

u (z) over the whole z range. This is shown in Fig. 2, where the LO DSS
fragmentation functions (solid lines) are compared with those extracted from Kretzer (KRE) [18] (dashed lines) and
from Hirai, Kumano, Nagai and Sudoh (HKNS) [19] (dotted lines). The DSS set, which is determined by fitting all
presently available multiplicity measurements, both for pions and kaons, is indeed the most suitable for our purposes.

This can also be seen in a more quantitative way. We know that Kretzer’s and other commonly adopted sets
of fragmentation functions are able to describe pion production data, as shown, for instance, in Fig. 4 of Ref. [13].
However, Fig. 13 of Ref. [13] shows instead that Kretzer fragmentation functions fail to reproduce charged kaon SIDIS
multiplicities, and might not be adequate to reconstruct transverse single spin asymmetries corresponding to kaon
production. In fact, by using the Kretzer set for our fit, we would not be able to describe the kaon asymmetry data:
to be more precise, we would obtain χ2/d.o.f. ≡ χ2

dof ) 1 for pions but χ2
dof ) 4 for kaon production asymmetries.

fq/p,S(x,k⊥) = fq/p(x, k⊥) +
1
2
∆Nfq/p↑(x, k⊥) S · (p̂× k̂⊥)

p⊥ = P T − z k⊥

Asin(Φh−ΦS)
UT ≡ 2

∫
dΦS dΦh [dσ↑ − dσ↓] sin(Φh − ΦS)∫

dΦS dΦh [dσ↑ + dσ↓]
∑

q

∫
dΦS dΦh d2k⊥ ∆Nfq/p↑(x, k⊥) sin(ϕ− ΦS)

dσ̂!q→!q

dQ2
Dh/q(z, p⊥) sin(Φh − ΦS)

∑

q

∫
dΦS dΦh d2k⊥ fq/p(x, k⊥)

dσ̂!q→!q

dQ2
Dh/q(z, p⊥)

Sivers 
asymmetry



X

p

S
γ*

Brodsky, Hwang, Schmidt model for Sivers function 

needs k┴ dependent quark distribution in p↑ and 
final state interactions

+ –diquark diquark

q q

AN ∝ S · (p× P T ) ∝ PT sin(φπ − φS)



2〈sin(φ− φS)〉 = Asin(φ−φS)
UT

≡ 2

∫
dφdφS [dσ↑ − dσ↓] sin(φ− φS)

∫
dΦh dΦS [dσ↑ + dσ↓]



 large  K+ 
asymmetry
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with HERMES experimental data [10] for pion and kaon production (left and right panel respectively). The shaded area
corresponds to the statistical uncertainty of the parameters, see Appendix A for further details. For completeness, we also show
the K0

S asymmetry, not measured at HERMES, which is the result of a computation based on our extracted Sivers function
and the assumed fragmentation functions of Eq. (16).
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FIG. 4: The results obtained from our fit (solid lines) are compared with the COMPASS measurements of Asin (φh−φS)
UT for

pion (left panel) and kaon (right panel) production [11] off a deuteron target. The shaded area corresponds to the statistical
uncertainty of the parameters, as explained in Appendix A. The π0 asymmetry, not measured at COMPASS, is the result of
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S asymmetry, although compared with data [12], is not a
best fit, but the result of our computation, using the assumed fragmentation functions of Eq. (16).
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Our computation of the K0
S asymmetry at COMPASS can be compared with the available data [12], as shown in the

upper-right plots of Fig. 4. Notice that these curves, contrary to the others in the same figure, are not best fits, but
a simple estimate, based on the extracted Sivers functions and the adopted fragmentation functions of Eq. (16).

In Fig. 5, our results, obtained using the kaon fragmentation functions as given by De Florian et al. in Ref. [13]
(solid lines), are compared with the best fit we would find by using the KRE [21] (dotted lines) and HKNS [22] (dashed
lines) sets of fragmentation functions. It is clear that the use of the new – strange quark sensitive – fragmentation
functions yields a much better agreement with the experimental measurements of the SIDIS azimuthal asymmetries
for kaon production.

Sivers asymmetry best fits
M.A., M. Boglione, U. D’Alesio, A. Kotzinian, S. Melis, F. Murgia, A. Prokudin, C. Turk, 

Eur. Phys. J. A39 (2009) 89



7

)
S
!

 -
 

h
!

s
in

 (

U
T

A
)

S
!

 -
 

h
!

s
in

 (

U
T

A

x z  (GeV)TP

-0.2

-0.1

0

0.1

0.2 +K HERMES preliminary 2002-2005

0 0.1 0.2 0.3 0.4 0.5

-0.2

-0.1

0

0.1

0.2

-K

0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 1

DSS KRE HKNS

FIG. 5: The results obtained from our fit using the kaon fragmentation functions as given by De Florian et al. in Ref. [13]
(solid lines) are compared with the results we would find by using the KRE [18](dotted lines) and HKNS [19] (dashed lines)
sets of fragmentation functions.

from Ref. [13] – as:

D
K0

S

d = D
K0

S

d̄
=

1

2

[

DK+

u + DK+

sea

]

D
K0

S
s̄ = D

K0
S

s =
1

2

[

DK+

s̄ + DK+

sea

]

(16)

D
K0

S
u = D

K0
S
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Our computation of the K0
S asymmetry at COMPASS can be compared with the available data [12], as shown in

upper-right plots of Fig. 4. Notice that these curves, contrary to the others in the same figure, are not best fits, but
a simple estimate, based on the extracted Sivers functions and the adopted fragmentation functions of Eq. (16).

In Fig. 5, our results, obtained using the kaon fragmentation functions as given by De Florian et al. in Ref. [13]
(solid lines), are compared with the best fit we would find by using the KRE [18] (dotted lines) and HKNS [19] (dashed
lines) sets of fragmentation functions. It is clear that the use of the new – strange quark sensitive – fragmentation
functions yields a much better agreement with the experimental measurements of the SIDIS azimuthal asymmetries
for kaon production.

The Sivers functions generated by our best fit procedure are presented in Fig. 6, where we plot, on the left panel,
the first k⊥ moment defined as

∆Nf (1)
q/p↑(x) ≡

∫

d2 k⊥
k⊥
4mp

∆Nfq/p↑(x, k⊥) = −f⊥(1)q
1T (x) , (17)

and, on the right panel, the k⊥ dependence of ∆Nfq/p↑ at a fixed value of x = 0.1. The highest and lowest dashed
lines show the positivity limits |∆Nf | = 2f .
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S asymmetry, not measured at HERMES, which is the result of a computation based on our extracted Sivers function
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uncertainty of the parameters, as explained in Appendix A. The π0 asymmetry, not measured at COMPASS, is the result of
a computation based on our extracted Sivers functions. Also the K0

S asymmetry, although compared with data [12], is not a
best fit, but the result of our computation, using the assumed fragmentation functions of Eq. (16).
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Our computation of the K0
S asymmetry at COMPASS can be compared with the available data [12], as shown in the

upper-right plots of Fig. 4. Notice that these curves, contrary to the others in the same figure, are not best fits, but
a simple estimate, based on the extracted Sivers functions and the adopted fragmentation functions of Eq. (16).

In Fig. 5, our results, obtained using the kaon fragmentation functions as given by De Florian et al. in Ref. [13]
(solid lines), are compared with the best fit we would find by using the KRE [21] (dotted lines) and HKNS [22] (dashed
lines) sets of fragmentation functions. It is clear that the use of the new – strange quark sensitive – fragmentation
functions yields a much better agreement with the experimental measurements of the SIDIS azimuthal asymmetries
for kaon production.

DSS fragmentation functions
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UT for
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uncertainty of the parameters, as explained in Appendix A. The π0 asymmetry, not measured at COMPASS, is the result of
a computation based on our extracted Sivers functions. Also the K0

S asymmetry, although compared with data [12], is not a
best fit, but the result of our computation, using the assumed fragmentation functions of Eq. (16).
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Our computation of the K0
S asymmetry at COMPASS can be compared with the available data [12], as shown in the

upper-right plots of Fig. 4. Notice that these curves, contrary to the others in the same figure, are not best fits, but
a simple estimate, based on the extracted Sivers functions and the adopted fragmentation functions of Eq. (16).

In Fig. 5, our results, obtained using the kaon fragmentation functions as given by De Florian et al. in Ref. [13]
(solid lines), are compared with the best fit we would find by using the KRE [21] (dotted lines) and HKNS [22] (dashed
lines) sets of fragmentation functions. It is clear that the use of the new – strange quark sensitive – fragmentation
functions yields a much better agreement with the experimental measurements of the SIDIS azimuthal asymmetries
for kaon production.

Asin(Φh−ΦS)
UT ∝ (∆Nfu/p↑ + ∆Nfd/p↑)(4Dh/u + Dh/d)

cancellation

Fit of COMPASS data  on deuteron target
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S asymmetry, although compared with data [12], is not a
best fit, but the result of our computation, using the assumed fragmentation functions of Eq. (16).

D
K0

S
s̄ = D

K0
S

s =
1

2

[

DK+

s̄ + DK+

sea

]

(16)

D
K0

S
u = D

K0
S
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Our computation of the K0
S asymmetry at COMPASS can be compared with the available data [12], as shown in the

upper-right plots of Fig. 4. Notice that these curves, contrary to the others in the same figure, are not best fits, but
a simple estimate, based on the extracted Sivers functions and the adopted fragmentation functions of Eq. (16).

In Fig. 5, our results, obtained using the kaon fragmentation functions as given by De Florian et al. in Ref. [13]
(solid lines), are compared with the best fit we would find by using the KRE [21] (dotted lines) and HKNS [22] (dashed
lines) sets of fragmentation functions. It is clear that the use of the new – strange quark sensitive – fragmentation
functions yields a much better agreement with the experimental measurements of the SIDIS azimuthal asymmetries
for kaon production.
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• We notice that the Burkardt sum rule [31]

∑

a

∫

dx d2k⊥ k⊥ fa/p↑(x,k⊥) ≡
∑

a

〈ka
⊥〉 = 0 , (20)

where, from Eqs. (2) and (17),

〈ka
⊥〉 =

[

π

2

∫ 1

0
dx

∫ ∞

0
dk⊥ k2

⊥ ∆Nfa/p↑(x, k⊥)

]

(S × P̂ ) (21)

= mp

∫ 1

0
dx∆Nf (1)

q/p↑(x) (S × P̂ ) ≡ 〈ka
⊥〉 (S × P̂ ) , (22)

extracted 
Sivers 

functions
(HERMES and COMPASS 

deuteron data)

∆Nfu/p↑ > 0

∆Nfd/p↑ < 0

∆Nfs̄/p↑ > 0

∆Nf (1)
q/p↑(x) ≡

∫
d2 k⊥

k⊥
4mp

∆Nfq/p↑(x, k⊥)

= −f⊥(1)q
1T (x)
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lines), where π0 and kaon productions were not considered and only valence quark contributions were taken into account. This
plot clearly shows that the Sivers functions previously found are consistent, within the uncertainty bands, with the Sivers
functions presently obtained.

measurements. In particular, a combined analysis of HERMES, COMPASS and JLab SIDIS data will allow a much
better determination of the β parameters, which control the large x behavior of the Sivers distribution functions. In
addition, the combined analysis of proton and neutron target events will help flavour disentangling and a more precise
determination of u and d quark contributions. Our predictions for the JLab SSAs, for pion and kaon production off
proton, neutron and deuteron targets, at 6 and 12 GeV, are presented in Figs. 9–14.

The adopted experimental cuts for JLab operating on a proton or a deuteron target at 6 GeV are, in terms of the
usual SIDIS variables, the following:

0.4 ≤ zh ≤ 0.7 0.02 ≤ PT ≤ 1 GeV/c

0.1 ≤ x
B
≤ 0.6 0.4 ≤ y ≤ 0.85

Q2 ≥ 1 (GeV/c)2 W 2 ≥ 4 GeV2

1 ≤ Eh ≤ 4 GeV ,

(26)

whereas for a beam energy of 12 GeV they are:

0.3 ≤ zh ≤ 0.8 0.05 ≤ PT ≤ 1.5 GeV/c

0.05 ≤ x
B
≤ 0.7 0.25 ≤ y ≤ 0.85

1 ≤ Q2 ≤ 8 (GeV/c)2 W 2 ≥ 4 GeV2

1.5 ≤ Eh ≤ 3.5 GeV .

(27)

u and d Sivers functions rather well determined  

M.A., M. Boglione, U. D’Alesio, A. Kotzinian, S. Melis, 
F. Murgia, A. Prokudin, C. Türk



The first and 1/2-transverse moments of the Sivers quark distribution functions. The fits were 
constrained mainly (or solely) by the preliminary HERMES data in the indicated x-range. The 

curves indicate the 1-σ regions of the various parameterizations.
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agreement between different groups 



August 4, 2008 14:28 WSPC - Proceedings Trim Size: 9in x 6in Slevorato-transversity08

8

p S
iv

A
p S

iv
A

x z  (GeV/c)
T

p

Anselmino et al

arXiv:0805.2677

COMPASS preliminary-0.1

-0.05

0

0.05

0.1

+
h

-3
10

-2
10

-1
10

-0.1

-0.05

0

0.05

0.1 -
h

0.2 0.4 0.6 0.8 0.5 1 1.5

Fig. 6. COMPASS Sivers asymmetry on proton for positive and negative hadrons, with
the latest prediction of Anselmino et al.

4. D. Boer, P.J.Mulders, Phys. Rev. D 57, (1998) 5780.
5. E. S. Ageev et al. [COMPASS Collaboration], Phys. Lett. B 612 (2005) 154

[arXiv:hep-ex/0501073].
6. E. S. Ageev et al. [COMPASS Collaboration], Nucl. Phys. B 765, 31 (2007)

[arXiv:hep-ex/0610068].
7. M. Alekseev et al. [COMPASS Collaboration], arXiv:0802.2160 [hep-ex].
8. A. Prokudin DIS 2008, 7-11 April 2008
9. M. Diefenthaler [HERMES Collaboration], proceedings of DIS 2007, page 579;

arXiv:0706.2242 [hep-ex].
10. P. Abbon et al. [COMPASS Collaboration], Nucl. Instrum. Meth. A 577, 455

(2007) [arXiv:hep-ex/0703049].
11. A. Abashian et al (Belle): Nucl. Instrum. Meth.A 479 (2002)117.
12. M. Anselmino et al., “Sivers Effect for Pion and Kaon Production in Semi-

Inclusive Deep Inelastic Scattering,” arXiv:0805.2677 [hep-ph].
13. S.Arnold, A.V.Efremov, K.Goeke, M.Schlegel and P.Schweitzer, ”Sivers effect

at HERMES, COMPASS and CLAS12”, arXiv:0805.2137 [hep-ph].

Predictions for COMPASS, with a proton target, 
and comparison with data (arXiv:0808.0086
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p⊥

Collins effect

Dh/q,sq
(z,p⊥) = Dh/q(z, p⊥) +

1
2

∆NDh/q↑(z, p⊥) sq · (p̂q × p̂⊥)

= Dh/q(z, p⊥) +
p⊥

zMh
H⊥q

1 (z, p⊥) sq · (p̂q × p̂⊥)



Asin(Φh+ΦS)
UT ≡ 2

∫
dΦh dΦS [dσ↑ − dσ↓] sin(Φh + ΦS)

∫
dΦh dΦS [dσ↑ + dσ↓]

d∆σ̂ = dσ̂!q↑→!q↑ − dσ̂!q↑→!q↓

Asin(Φh+ΦS)
UT =

∑

q

∫
dΦS dΦh d2k⊥ h1q(x, k⊥)

d∆σ̂!q→!q

dQ2
∆NDh/q↑(z,p⊥) sin(Φh + ΦS)

∑

q

∫
dφS dφh d2k⊥ fq/p(x, k⊥)

dσ̂!q→!q

dQ2
Dh/q(z, p⊥)

Collins effect in SIDIS couples to transversity

Collins asymmetry



fit to HERMES data on

W. Vogelsang and F. Yuan

Soffer-saturated h1



A. V. Efremov, K. Goeke and P. Schweitzer
(h1 from quark-soliton model)



Collins asymmetry best fit
M. A., M.  Boglione, U.  D'Alesio, A. Kotzinian, F. Murgia,         
A. Prokudin, S. Melis , e-Print: arXiv:0812.4366 [hep-ph] 
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M. A., M. Boglione, U. D’Alesio, A. Kotzinian, S. Melis, F. Murgia,A. Prokudin and C. Türk



best fit of 
Belle data 

(independent 
information 

on the 
Collins 

functions) 
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transversity distributions 
(blue lines = Soffer’s bound)

extracted transversity distributions 
(blue lines = Soffer’s bound)

∆T q(x) = hq
1(x) =

∫
d2k⊥

[
hq

1T (x, k2
⊥) + k2

⊥
2m2

N
h⊥q

1T (x, k2
⊥)

]

M.A., M. Boglione, U. D’Alesio,  
A. Kotzinian, S. Melis, F. Murgia, 

A. Prokudin, C. Türk

Extraction from SIDIS 
(HERMES, COMPASS-D) +      
e+e- (Belle) data, h1 ⊗ H1

⊥



extracted Collins functions



Predictions for COMPASS, with a proton 
target, and comparison with data 

8 M. Anselmino et al.
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our result
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 u!  d!

Figure 8. Tensor charge from different models
compared to our result. 1: Quark-diquark model
of Ref. [47], 2: Chiral quark soliton model of
Ref. [48], 3: Lattice QCD [49], 4: QCD sum
rules [50].

δd ≤ 0.5 (see Fig. 8). In this context it is worth
mentioning a subtle point concerning the strong
scale dependence of the tensor charge, recently
addressed in Ref. [51]. For the effective models
of baryons, as those referred to above, the choice
of their starting energy scale and their Q2 evolu-
tion could play a significant role and, eventually,
mask the true nature of the model. Consequently,
the results shown in Fig. 8, where our LO phe-
nomenological extraction seems in better agree-
ment with the quark-diquark model of Ref. [47]
than with other models, should be taken with
some care. A safer quantity, totally scale indepen-
dent, and therefore easy to compare with, would
be the ratio of two tensor charges. From our fit,
for instance, we obtain δd/δu = −0.42+0.0003

−0.20 , and
all model predictions considered above would fall
within our uncertainty band, as shown in Fig. 7
of Ref. [51].

4. Predictions

We now use the extracted transversity and
Collins functions to give predictions for new mea-
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Figure 9. Predictions for the single spin asymme-

try Asin(φh+φS+π)
UT compared to preliminary data

by the COMPASS experiment operating with a
transversely polarized hydrogen target [40].

surements performed or planned at COMPASS
and JLab. The transverse single spin asymme-

try Asin(φh+φS)
UT has been recently measured by

the COMPASS experiment operating with a po-
larized hydrogen target (rather than a deuterium
one). In Fig. 9 we show our predictions compared
with these preliminary data. The agreement is
excellent.

In Fig. 10 we present our estimates for JLab
operating with a proton target at 12 GeV. Notice
that JLab results will give important information
on the large x region, which is left basically un-
constrained by the present SIDIS data from HER-
MES and COMPASS. In this region our estimates
must be taken with some care. We recall that
the large x behaviour of our parameterization is
controlled by the same β parameter for ∆T u and
∆T d (since present data do not cover the large
x region). The same is true for the Collins frag-
mentation functions, whose large z behaviour is
driven by the same parameter δ for favoured and
unfavoured Collins FFs. On the other hand for
the small to medium x region, well constrained by
SIDIS measurements, data support the choice of
a universal behaviour xα for ∆T u and ∆T d. The
future JLab measurements, which will extend to



dσD−Y =
∑

a

fq(x1,k⊥1;Q2)⊗ fq̄(x2,k⊥2;Q2) dσ̂qq̄→!+!−

p p

Q2 = M2

qT

qL

l+

l–

TMDs and SSAs in Drell-Yan  processes               

factorization holds, two scales, M2, and

3 planes:  

no fragmentation process Arnold, Metz, Schlegel



q = u, ū, d, d̄, s, s̄

dσ↑ − dσ↓ ∝
∑

q

∆Nfq/p↑(x1,k⊥)⊗ fq̄/p(x2)⊗ dσ̂

Sivers effect in D-Y processes

By looking at the d4σ/d4q cross section one can 
single out the Sivers effect in D-Y processes     

A
sin(φS−φγ)
N ≡

2
∫ 2π
0 dφγ [dσ↑ − dσ↓] sin(φS − φγ)

∫ 2π
0 dφγ [dσ↑ + dσ↓]

p p

qT

qL

(p-p c.m. frame) 



Predictions for AN 
Sivers functions as extracted  from SIDIS data, with opposite sign 

M.A., M. Boglione, U. D’Alesio, S. Melis, F. Murgia, A. Prokudin, e-Print: arXiv:0901.3078 
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dσ =
∑

a,b,c,d=q,q̄,g

fa/p(xa)⊗ fb/p(xb)⊗ dσ̂ab→cd ⊗Dπ/c(z)

PDF FF 
pQCD elementary 

interactions

based on factorization theorem 
(in collinear configuration)

a
b

c
X

X

σ̂

TMDs and SSAs in hadronic processes
p p→ π0 XCross section for in pQCD, only one scale, PT



good pQCD description of data at 200 GeV, at all 
rapidities, down to pT of 1-2 GeV/c 

Polarization-averaged cross sections at √s=200 GeV



rather good agreement even at at √s=62.4 GeV

11% normalization 
uncertainty not included

mid-rapidity pions 

Comparison of NLO pQCD calculations with 
BRAHMS π data at high rapidity. The 

calculations are for a scale factor of µ=pT, 
KKP (solid) and DSS (dashed) with CTEQ5 

and CTEQ6.5.



dσ↑ − dσ↓ =
∑

a,b,c,d=q,q̄,g

∆T fa ⊗ fb ⊗ [dσ̂↑ − dσ̂↓]⊗Dπ/c

FF pQCD elementary 
SSAtransversity 

AN =
dσ↑ − dσ↓

dσ↑ + dσ↓ ∝ âN ∝ mq

Eq
αs

was considered 
almost a theorem 

SSA? 

a
b

c
X

X

σ̂



E704

BNL, ANL, Fermilab, Serpukhov

also: ! Polarization

" L

R

E704  √s = 20 GeV    0.7 < pT < 2.0   

but, .... 



BNL-AGS     
√s = 6.6 GeV 
0.6 < pT < 1.2  

E704  √s = 20 GeV 
0.7 < pT < 2.0   

p↑ p→ π X p̄↑ p→ π X



Unifying 62.4 and 200 GeV, BRAHMS + E704 
(C. Aidala talk at transversity 2008, Ferrara)

E704 data – all pT (small stars); pT>0.7 GeV/c (large stars)



STAR-RHIC  √s = 200 GeV    1.2 < pT < 2.8   

good description of unpolarized cross-section, AN ... ?



dσ↑ =
∑

a,b,c=q,q̄,g

fa/p↑(xa,k⊥a)⊗ fb/p(xb,k⊥b)⊗ dσ̂ab→cd(k⊥a,k⊥b)⊗Dπ/c(z,p⊥π)

SSA in hadronic processes: TMDs, higher-twist correlations?
Two main different (?) approaches

1. Generalization of collinear scheme 
(assuming factorization)

Field-Feynman
M.A., M. Boglione, U. D’Alesio, E. Leader, S. Melis, F. Murgia, A. Prokudin, ...

a b

c
X

X

σ̂

single spin effects in TMDs



E704 data STAR data

U. D’Alesio, F. Murgia

fit prediction

p p→ π XSivers effect 



2. Higher-twist partonic correlations    
(Efremov, Teryaev; Qiu, Sterman; Kouvaris, Vogelsang, Yuan; Bacchetta, 

Bomhof, Mulders, Pijlman; Koike ... ) 

d∆σ ∝
∑

a,b,c

Ta(k1, k2,S⊥)⊗ fb/B(xb)⊗Hab→c(k1, k2)⊗Dh/c(z)

twist-3 functions hard interactions

(A↑B → h X)contribution to SSA  

courtesy of W. Vogelsang



fits of E704 and STAR data 
Kouvaris, Qiu, Vogelsang, Yuan



Sivers effect in p p collisions

Asymmetric jet or hadron correlations in p↑ p→ h1 h2 X

D.B. & Vogelsang, PRD 69 (2004) 094025

Bacchetta et al., PRD 72 (2005) 034030

P⊥ sin δφ weighted cross section: ∝ f⊥(1)
1T (x)

RHIC data consistent with zero at the few percent level

Theoretically this Sivers asymmetry is not as straightforward as in SIDIS

Potential problems with factorization

Collins & Qiu, PRD 75 (2007) 114014; Collins, arXiv:0708.4410
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Bacchetta, Bomhof, Mulders, Pijlman; Boer,Vogelsang, Yuan; Teryaev 
SSA in pp → jet + jet + X,  H1 H2 → h1 h2 X 

d∆σ ∝
∑

a,b,c

f⊥(1)
1T (x1)⊗ fb/H2(x2)⊗ dσ̂[a]b→cd ⊗Dh1/c(z1) Dh2/d(z2)

gluonic pole cross sections take into account gauge links 

dσ̂[a]b→cd =
∑

D

C [D]
G dσ̂D

ab→cd C [D]
G

Diagram dependent Gauge 
link Colour factors 

Sivers contribution to SSA 

(breaking of factorization?)

k⊥ = jet pair transverse momentum

(Ta ∝ f⊥(1)
1T )



dσ̂[!]q→!q = dσ̂!q→!q dσ̂[q]q̄→!+!− = −dσ̂qq̄→!+!−

to be compared with the usual cross section 

Gluonic pole cross sections and SSA in  H1H2 → h1h2X



•  profound implication: 

           process-dependece of Sivers functions

•  hugely important in QCD -- tests a lot of what we 

  know about description of hard processes

DIS: “attractive” DY: “repulsive”

Major advance in theory:

•  Crucial role of gauge-links in TMDs
Brodsky, Hwang, Schmidt; 

Collins; Belitsky, Ji, Yuan; 

Boer, Mulders, Pijlman

W. Vogelsang’s talk at Beijing, June 2008 



questions.....

Could we test TMD factorization in one scale 
processes?

Which Sivers functions should we use?
Are there other contribution to AN in 

addition to Sivers?
........................ 



3

FIG. 1: Kinematical configuration and conventions for the p↑! → h X process.

in terms of the integration variables and the observed final hadron momentum. We consider all
partons as massless, neglecting heavy quark contributions. Full details can be found in Ref. [67]
and useful expressions are given in Appendix B.

• With massless partons, the function J is given by [42]

J(p⊥) =

(

Eh +
√

P 2
h − p2

⊥

)2

4(P 2
h − p2

⊥)
· (6)

In the kinematical regions which we shall consider J is always very close to 1.

• ρq/p,S
λq,λ′

q
is the helicity density matrix of parton q inside the polarized proton p, with spin state S.

f̂q/p,S(x,k⊥) is the distribution function of the unpolarized parton q inside the polarized proton

p. The products ρq/p,S
λq,λ′

q
f̂q/p,S(x,k⊥) are directly related to the Transverse Momentum Dependent

distribution functions, with a dependence on φ, the azimuthal angle of k⊥ [67].

• The M̂λq,λ ;λq,λ ’s are the helicity amplitudes for the elementary process q # → q #, normalized so
that the unpolarized cross section, for a collinear collision, is given by

dσ̂q"→q"

dt̂
=

1

16πŝ2

1

4

∑

λq,λ

|M̂λq,λ ;λq,λ |2 . (7)

At lowest perturbative order q # → q # is the only elementary interaction which contributes; notice
that, in the presence of parton intrinsic motion, it is not a planar process and depends on the intrinsic
momenta, including their phases. Neglecting lepton and quark masses there are two independent
helicity amplitudes:

M̂++;++(ŝ, t̂, û, k⊥) = M∗
−−;−− = −8 π eq α

ŝ

t̂
eiϕ1 ≡ M̂0

1 eiϕ1 (8)

M̂+−;+−(ŝ, t̂, û, k⊥) = M∗
−+;−+ = 8 π eq α

û

t̂
eiϕ2 ≡ M̂0

2 eiϕ2 , (9)

where ϕ1,2 are phases explicitly given in Appendix A, Eqs. (A8) and (A9).

• D̂
λh,λ′

h

λq,λ′
q
(z, p⊥) is the product of fragmentation amplitudes for the q → h + X process

D̂
λh,λ′

h

λq,λ′
q

=
∑

∫

X,λX

D̂λ
h

, λ
X

;λq
D̂∗

λ′
h

, λ
X

;λ′
q
, (10)

left-right asymmetry

consider p↑l→ h X large PT processes 
(one current jet events) 

AN =
dσ↑(P T )− dσ↓(P T )
dσ↑(P T ) + dσ↓(P T )

=
dσ↑(P T )− dσ↑(−P T )

2 dσunp(PT )



sivers effect at work

large PT originated by large angle scattering ql→ql, 
large Q2, PT > k⊥, p⊥

lepton

π
quark

QCD corrections should give two-jet events: 
γ q → q q , γ g → q q̄



⊗
•

⊗
•

left-right asymmetry

expect AN to decrease as k⊥/PT



safe kinematical region 
Madrid, April 26-30, 2009

• high statistics at low pT (around 0.5 GeV)
⇒ dominated by quasi-real photon exchange⇒ OUT of pQCD regime

•⇒ consider larger pT values (xF > 0 ≡ forward region of the proton):

|t|min values

pT collinear TMD
xF > 0 xF < 0 xF > 0 xF < 0

1.5 GeV large large low large
2.5 GeV large large large large

Note: under the assumption of no hard gluon emission

U. D’Alesio Single Spin Asymmetries in !p → h + X processes 14

from talk of U. D’Alesio at DIS2009



Collins effect at work

lepton

π

Dh/q,sq
(z,p⊥) = Dh/q(z, p⊥) +

1
2

∆NDh/q↑(z, p⊥) sq · (p̂q × p̂⊥)

= Dh/q(z, p⊥) +
p⊥

zMh
H⊥q

1 (z, p⊥) sq · (p̂q × p̂⊥)



how does all that translate into a formula?

|M̂++;++|2 ≡ |M̂0
1 |2 = 64π2α2e2

q
ŝ2

t̂2

|M̂+−;+−|2 ≡ |M̂0
2 |2 = 64π2α2e2

q
û2

t̂2

M̂++;++ M̂∗
−+;−+ = 64 π2α2e2

q
ŝ(−û)

t̂2
e−i(φ−φ′)

Eh dσ(p,S)+!→h+X

d3P h
=

∑

q,{λ}

∫
dx dz

16 π2x z2s
d2k⊥ d3p⊥ δ(p⊥ · p̂′q) δ(ŝ + t̂ + û)

× ρq/p,S
λq,λ′

q
f̂q/p,S(x,k⊥)

1
2

M̂λq,λ ;λq,λ M̂∗
λ′

q,λ ;λ′
q,λ D̂

λh,λh
λq,λ′

q
(z,p⊥)

TMD-PDFs TMD-FFs

elementary interaction (at lowest order); phases 
due to non collinear, non planar configuration

assume factorization:



AN =

∑

q,{λ}

∫
dx dz

16 π2x z2s
d2k⊥ d3p⊥ δ(p⊥ · p̂′q) δ(ŝ + t̂ + û)× [Σ(↑)− Σ(↓)]q"→q"

∑

q,{λ}

∫
dx dz

16 π2x z2s
d2k⊥ d3p⊥ δ(p⊥ · p̂′q) δ(ŝ + t̂ + û)× [Σ(↑) + Σ(↓)]q"→q"

∑

{λ}

[Σ(↑)− Σ(↓)]q"→q" =
1
2

∆N f̂q/(x, k⊥) cos φ
[

|M̂0
1 |2 + |M̂0

2 |2
]

D̂h/q(z, p⊥)

+ h1(x, k⊥) M̂0
1 M̂0

2 ∆NDh/q(z, p⊥) cos(φ′ + φH
h )

Sivers

Collins x phases

∑

{λ}

[Σ(↑) + Σ(↓)]q"→q" = f̂q/p(x, k⊥)
[

|M̂0
1 |2 + |M̂0

2 |2
]

D̂h/q(z, p⊥)



Ejet dσ(p,S)+!→jet+X

d3P jet
=

∑

q,{λ}

∫
dx

16 π2x s
d2k⊥ δ(ŝ + t̂ + û)

× ρq/p,S
λq,λ′

q
f̂q/p,S(x,k⊥)

1
2

M̂λq,λ ;λq,λ M̂∗
λq,λ ;λ′

q,λ

∑

{λ}

[Σ(↑)− Σ(↓)]q"→q"
jet =

1
2

∆N f̂q/(x, k⊥) cos φ
[

|M̂0
1 |2 + |M̂0

2 |2
]

Ajet
N =

∑

q,{λ}

∫
dx

16 π2x s
d2k⊥ δ(ŝ + t̂ + û)× [Σ(↑)− Σ(↓)]q"→q"

jet

∑

q,{λ}

∫
dx

16 π2x s
d2k⊥ δ(ŝ + t̂ + û)× [Σ(↑) + Σ(↓)]q"→q"

jet

∑

{λ}

[Σ(↑) + Σ(↓)]q"→q"
jet = f̂q/p(x, k⊥)

[
|M̂0

1 |2 + |M̂0
2 |2

]

Even simpler: AN for p↑l→ jet X  
(only Sivers effect)



Common ENC/EIC workshop at GSI, 28th-30th May 2009, Germany

S.Melis

Sivers Effect at HERMES and COMPASS:

! Sivers effect
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Common ENC/EIC workshop at GSI, 28th-30th May 2009, Germany

S.Melis

Collins Effect at HERMES and COMPASS:

! Collins effect
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AN-Sivers AN-Collins

Sivers and Collins functions as extracted from SIDIS data



AN in p↑l→ h X or p↑l→ jet X 

most simple test of TMD factorization in one 
large scale processes 

no problem with universality 
might even look at h inside the jet (Collins 

effect), p↑l→ h-jet X

maybe difficult with ongoing experiments 
EIC, ENC, ..... 


